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ABSTRACT

J

A The current concepts of the :i:imation of fall-
out from land surface nuclear detc.ations have been
reviewed. Thermodynamic equations have heen devel-
oped for a part of the overall ccnd-:satlca process
to account for fractionation of ths radiocactive
species. Empirical functions for «.a of the Tire-
ball parameters heve beer developed irom available
date and assumptions about the utii.zaticn of the
energy released in a nuclear explos...n- These
functions and available Qata on the =no~ Lressure
of fission product elements and compounds (meinly
oxides) agd on the fission yields rrom fission of
U235, U239, and Pu239 were utilizel to compute
decay curves for the unfractiimated nixtures and
for an idealized fallout condition from a surface

nuclear detonation.gm
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SUMMARY

The Problem

The radiological hazard from nuclear detonations arises from
the fact that radicactive materials produced in the explosion become
associated with rather large particles of envirdnmental materials
that Pail back tc earth shortly afterward. The accumulation of
these particles on the earth's surface creates a gamma radiation
hazard because of radiocactive cortent of th2 particles.

The nature, degree, and type of hazard over & prolonged time
period depends upon the radiocactive composition of the particles.
Tt is known that the decay rates of the fission products produced
in weapons tests differs from one shot to another and also. differs
from one location to another for a given shot. It is also known
that, in a nuclear war for waich countermeasures are to be developed
and planned, the materials at likely targets ‘are different from
those at weapons test sites. Therefore to explain the causes of
the different observed radiation decay of fallout and better define
the radiological hazards and countermeasure requirements, & better
understanding of the mechanism(s) of fallout formation is required.

Findings

In this report an attempt is made to describe mathematically some
of the processes of fallout formetion. A general process of fallout
foriation is outlined based on the observed structures and types of
faliout particles produced by nuclear explosions. Thermodynamic
equations are developed to describe some of the possible types of .
condensation that could occur. The conditions of temperatire, pres-
sure, volume, time, and energy utilization for establishing the
boundary conditions of the condensation processes are obtained from
some of the data in The Effects of Nuclear Weaponslh together with
numerous agsumptions in order to make estimates for land surface
detonations. The boundary conditions and thermal date are used Lo
estimate the amount of melted soll present in the fireball when the
temperature has decreased to the soil melting point.

Data on the vapor pressures of the fission product elements and
corpounds (mainly oxides) is summarized. The fission yiclds for slow
and fast fission of U235, U238, and Pu239 are discussed and summarized.
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For some of the fission processes, estimates of the fission yleld were
made 1.0 complete the yield curve for use in computations.

Using an ideal non-reactive soll with a defined melting point
of 1H00°C and which formed ideal dilute solutions with the fission
product (usually as the oxide) elements, computations are made for
a surface land detonation with an estimated yleld cof 2.3 MT and in
which the temperature of 1400°C occurs at €0 sec after detonation.
For this case, it is estimated that 6.3 % of the total energy was
contained in the liquid particles just prior to their solidification
at the melting point.

Calculations are made of the disiuntegration rates, photon emis-
gion rates, photon-energy emission rates, and air-lonization rates
from the unfractionated or normal mixture of gigsion products from
the slow- and fast-neutron fission of U235, UZS3C, and Pu239. fThe
six ionization rate decay curves gave ratios of the r/hr at 1 hr
(at 3 ft above an infinite smooth plane) to KT equivalents per sq
mi that range from 3400 to 3950.

For the idealized detonation conditions in which the computations
assume only one particle size (i.e., that none fall out of the fire-
ball up to 60.sec, and then all the particles leave in solid form),
computations of the disintegration rates and alr-icnization rates for
thermal and figsion-neutron fission of U232, 8 Mev-neutron (broad band)
fission of U238, and Tission-neutron fission of Pu239. In these cases,
the ratios of the r/hr at 1 hr (at 3 ft above an infinite swmooth plane)
to KT equivalents per sq mi are found to range from 1480 to 1560. If
induced activities; instrument response, and terrain roughness factors
are considered, this ratio could be as low as 1000. However; for =&
fractiopated midxture, the ratio has no real meaning. In addition, the
.ratic is net constent, except for a single computation; in & real fall-
out area it will change with particle size and distance frcm shot point.
The report gives some suggestions for further improvements in the theory
" and sugpests possible methods for making more realistic and comprehen-
sive computations. -
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SECTION 1

INTRODUCTION

1.1 OBJECTIVES

The major objectives of this report are to formslize some of
the current concepts of formation of fallout from land-surface
detonations and to develop approximating formulae, by use of
thermodynamics logic and empirical functions, for the purpose of
computing - or estimating - the radioactive decay of such fallout.
Test detonations from which this type of infommation. could be ob-
tained have nct yet been conducted. Another objective was to
develop a procedure for computing decay curves and tc demonstrate
its use by making sanple calculations. .

1.2 SCOPE

The report is divided into seven sections. In this section
(INTRODUCTION}, the general background material is summarized.
Inferences are made from analyses of fallout particles with re-
gard to how they must have been formed, and some definitions of
fractionation are given.

In Section 2, the condensation process in the formation of
fallout is described and equations are derived for several alter-
nate processes.

In Section 3, data on the vapor pressures of the fission
product oxides, elements, and some compounds together with the
oxides of a few other elements are summarized. Some equations
are given to illustraete the use of the data in the computations.




In Section 4, some empirical functions are derived for esti-
mating the amount of energy {rom a land surface nuclear explosion
that is available for vaporizing and/or melting soil particles.

In the development of the material for this section, correlation

of the information given in The Effects of Nuclear Wea.pc‘ns,lIF which
is the only unclassified source available, led to *he finding of a
number of inconsistencies in data and data treatment in that docu-~
ment. However, it is emphasized that the scope of this report does
not include criticizing that document but rather utilizing its con-
tents to establish the approximating formulae necessary for this
“study.

In Section 5, available data on the fission ylelds for several
fissile materials are summarized. Correlation techniques were used
to estimate the yields of mass chains for which data were not available.

In Sections 6 and 7, the computational methods and sample calcu-
lations of the decay curves are described for both unfractionated and
fractionated fission products. The calculations are made for d4iff-
erent fissaile materials. The comparisons given for the fractionated
mixture are based on calculations for a non-reactive soil that formed
an ideal solution with all fission product oxides in the liquid state.
Further study and experimental results will be required before the
calculations can be made for a process that more closely corresponds
tc the real one.

1.3 LIMITATIONS

The many items considered in the general treatment all have a
common limitation: the lack of sufficient available unclassified
date for testing the validity of individusl formula or the completed
computation.

In the text itself, the assumptions and postulates are stated
usually only once in order to minimize undue interruption of the
maein line of the argument and development of the material. Conclu-
sions and comparisons are often stated without definite repeated
reference to the original assumptione. This limitation is given
here as & caution to the reader in the use of the computational
results given in this report.

The computational results were made for illustrative use only
since an idealized chemical system was used. A great deal of addi-
tional work can be done to improve the quantitative aspects of the
theory. This report may be most helpful in identifying the type of
information needed for improving both the conceptual basis for deriv-
ing the mathematics and the quantitative use of the theory.
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1.k BACKGRCUND

In a nuclear detonation employing fissioneble materials sabout
90 fission-product mass chains (Lo elements) are produced. The
high temperatures immedistely following the detonation virtually
assure that all of these elements are immediately vaporized so
that the fallout formetion process 1s one in which these elements
condense from a vapor phase during the cooling of the fireball.
Among the 9C-odd mass-chains produced, with specific fisslon yields
depending on the fissile material and the neutron energy, there are
many atomic species and compounds whose volatilities at high tem-
peratures are very different. Hence, at a glven temperature, the
range of values of the equilibrium partial vapor pressure of the
various species and compounds will be large. A condensation pro-
cess that occurs in a system of a rapidly decreasing high tenmper-
ature can be expected therefore to result in the preferential
condensation of the less volatile elements. This should, in turn,
result in an alteration of the relative ebundance of the fission
product mass chains or radionuclides as found in fallout compared
to the amounts initially produced. Any such alteration, when
observed, is usually called fractionation.

A general description of some of the failout particles found
in local fallcut from surface and tower shots and of how thei co ld
have originated has bheen given by Adams and coworkers.1»2s35%5 55
The essential detalls of this work that have been used in this report
are: (1) condensation of the fission product elements can begin at '
the highest temperature at which a macroscopic liquid phase can
exist in the fireball and this liquid phase will essentially consist
of substances such as iron oxide (tower shots) or aluminum and sili-
con oxides (surface ground shot), and (2) the fission products that
co-condense with or into liquid particles are dissolved-into the
melts and remain there as compounds or in solid solutien when the
particles solidify.

In low tower shots, it appears that the very small drops of
vapor-condensed iron oxide are later dissolved by melted soil par-
ticles to form a glassy iron oxide-silicon oxide solution. Data
on the solubility of fission product e¢lements into dilute acids and
complexing agents, obtained by Fuller8 from the larger particles
from a low tower shot that fell close to ground zero, show that
only a very small fraction of the fission products are soluble.
However, data on the solubility, obtained by Larson’ from smeller
particles collected at greater distances from shot point, give
larger fractions of soluble fission products; his data show also
that radicelements other than just the daughter products of rare
gas nuclides are among the soluble group of elements.
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The essential facts from these data are that some of each of
the fission products condenses into liguid particles and that some
of each condensed onto the surfaces of solidified particles. Also,
the particles that fall in ihe local areas downwind from shot point
(and where the amcunt that falls out is large enough to produce a
significant radiation hazard) are too large to have been produced
by a vapor condensation process. These particles therefore are
formed either from the break-up of a bulk liguid melt or from the
melting of single grains of soil that enter the fireball after it
has cooled to some given temperature.

The general condensation process can therefore be divided into
two time periocds. The first period of the process is characterized
by the presence of gas and liguid phases and the second period by
the existence of gas and solid phases. The first period of conden-
sation ends when the bulk carrier or substrate material of the par-
ticles solidifies. The degree to which the charge of phase of the
carrier affects the continuity of the process and the distribution
of each fTission product element in or on a particle will depend on
the thermo-chemical properties of the interacting materials. Some
fission product elements may condense by sublimation on the surface
of the particle and be readily available for solution upon contact
with water. Others may react with the substrate material and/or
diffuse through the surface of the particle.

One particular aspect of first period of condensation is im-
portant. This is that the fission product vapors condense into
the liquid phase of. the carrier material to forr: a very dilute
solution.

The fraction of each fission product element that condenses
into the liquid carrier particles depends on the melting point of
the carrier and the time after fission at which that temperature
occurs. If the melting point of the carrier is high, ‘the fractions
condensed will be low. If the melting point of the carrier is low,
the fractions condensed will be high. The fraction which had not
condenged into the liquid phase of the carrier can condense on or
regct with the surface of the solid particles. These could consist
of the smaller of the melted particles or of unmelted particles that
~enter the gas volume at later times.

1.5 FACTORS CONTROLLING FRACTIONATION IN FALLOUT
In an overall sense, the amount of each fission product found

in fallout relative to some standard of comparison depends on five
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main factors: (1) the original fission ylelds or relative abundance.
of the fission products, (2) neutron capture by the fission products
themselves, (3) the degree to which each fissicn product condenses
into or onto the carrier particles, (L) neutron emissions in the
decay chain, and (5) the radiochemical standards used to measure the
fractionation.

The relative abundance of each fission product element origin-
ally produced depends on he fissile material used -~ i.e, whether
the material is U235, U239, pu239, or some other element. The fission
chain yields also depend on the energy spectrum of the incident neu-~
trons. In comparison with the fission ylelds from thermal neutrons
on U233, usually taken as the reference standard, the yields of the
elements in the lighter-mass peak for other types of fission in gen~
eral, shift more than do those in the heavier mass peak. With the
hegvier fissile elements, the center of the lighter-mess group moves
toward the higher mass numbers. As the incident neutron energy in-
creases, the yields of the valley elements and those of highest and
lowest mass numbers rise and the neutron yield per fission increases.
The increase in neutron yield per fission tends to spread the two
peaks farther apart and, again, the llghter=mass group is shifted
more than the heavy group.

Neutron capture by the fission product elements would result in
a general shift of the whole yield curve to higher mass numbers. The
"result would be a decrease in the ylelds of the elements with the
smaller mass numbers (left side of the peaks) of both groups, and an
increase in the yields of the elements with the larger mass numbers
of both groups. Relatively little change would result in the yields
of elements in the peaks excepting for those that may have extremely
high capture cross-sections. The subject is not discussed further in
this report because of insufficient data.

Section 2 of this report discusses the role of the condensation
process in fallout formation and in fractionation. This process is
often assumed (and erroneously) to be the only cause of cbserved frac-
tionation in fallout. : :

Neutron emission during the decay process results in a product
nuclide with a mass number one unit less than the parent. This chain
"shift" can be accounted for if the decay scheme is known. However
for many of the short-lived radionuclides there is insufficient data
for its further consideration in this report.

The experimental measure of fractionation is most often given
as an "R" factor or value relative to thermal fission of U235 and
a selected radionuclide. The most commonly selected radionuclide
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for comparison is Mo99. Thus, relative to these staundards, a radio-
chemical assay of a tallout sample that gives an "R" value different
from one does not necessarily mean thet the nuclide in question has,
in fact, been fractionated. Knowledge of the true iniltial fission
vields are required to correct the observed assay data to determine
whether fractionation has, in fact, occurred.
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SECTION 2

THE CONDENSATION PROCESS

2.1 THE FIRST PERIOD OF CONDENSATION

2.1.1 Description of the Formation Process

As is implied by the general description of the formation
process given in Section 1, no single well-defined condensation
time for the fission product mixture can exist. Rather, it is a
continuing process that can be separated into the two more or less
well-defined time periods described above. In the first time period
(during the cooling of the fireball), the major feature of the con-
densation proccss is the existence of vapor-liquid phase equilibria.
This period of condensation ends when the carrier material solidi-
fies, with the fission products being either fixed in a solid solu-
tion matrix or compounded with the carrier material.

The major feature of the second period of condensatlon is the
existence of vapor-solid phase equilibria in which the remaining
fission product elements condense at lower tenperatures on the sur-
face of solid particles. The second period of cordensation never
ceases in an absolute sense, except for those particles which fall
out or otherwise leave the space containing the residual gases.
Actually, the process can reverse for a fission product element
that later decays to & more volatile element; for example, elements
like iodine and the rare gases could sublime as fast as they form
from non-volatile precursors (i.e., at ordinary temperatures) con-
densed on the surface of fallout particles. This process is unlikely
when the fission products are trapped within a glassy matrix, since
the vapor pressures due to the low concentration of dissolved fission
products (ca. 10710 moles/mole) would be extremely low, and diffusion
through the glass solid would be very slow.




The essential problem in the theory for the process during
the first period of condensation is to establish the vapor-liquid
phase equilibria of each {ission product element at the time that
the carrier material solidifies; that is, to determine the fraction
of each element present, condensed, inside the carrier melt when it
solidifies.

When one of two phases in contact is & gas, simple kinetic
theory can be used to show that condensation-vaporization equili-
brium can be established within a small fraction of & second at
temperatures above 1000°K. Thus those gaseous species of each
fission product element_ that do not reoct with the liquid carrier
but dissolve into it should obey Henry's law of dilute solutions.
In fact, the solutions should be sufficiently dilute as to result
in no change in the free energy of the liguid carrier so that the
free energy of each element in the solutlon should be indeperdent
of any other. Therefore, it is possible to consider the solubil-
ity of each element as making a two-component system with the
carrier. Moreover, there should be no appreciable surface loading
(large excess surface concentratwone) during the condensation pro-
cess if the temperature range over which the liguid carrier exilsts
exceeds 200 or 300°C. A concentration gradient in a- particle, how-
ever should exist especially for the larger particles of which some
may not be melted in the center when the air or gas temperature
about the particle falls below the meltlng point of the bulk carrier.

2.1. 2 Condensation Thermodynamics

For the condensation of dn; moles of element j from a gaseous
mixture to a liquid solution, the change in the partisgl molar free
energy, FJ, of the element in the gas is given by

.0 | 6ﬂnfg a® éf_nfg fiT “RT 6£nf° (1
. = +
dF = RT ‘B._PT' . + RT |- 5a . (SN )

T’NJ P,Nj J P,T
and the correspdnding change in its partial molar free energy, Fj, in
the solution is

Q
. éﬂnfj ap (anfj t éﬂ.nIJ
dF 5 = RT —6—— + RT (5 é“] (2)
P T,N; T P,NJ J |p,m
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where P is the total pressure, T is the temperature, N is the mole
fraction of element J in the gas mixture, is its mole fraction
in the liguid, £9 is its fugacity (ideallzei pressure) in the gas
phase and f: is its fugacity in the liquid phase. At moderate and
low total pressures, the fugacity of the element in the gas phase
is given by

. o O.* ,
- _ £5 = N3T) (3)

in which f*'is the fugacity of the gas at the total pressure of the
mixture and therefore

-éﬂnfg
(o]
6“3 Ip,T

1 7 «
== (%)
¥

The fugac1ty of the element in the liquid phase, accordlng to Henry s
law is given by

£y = NJkJV (5)

in which ki is the Henry's law constant at a given temperature and
total pressure; hence .

[/
éﬁ-nij ] 1
z s (6)
SIS B |

In an equilibrium process, the two changes in the partial molar
free energies for the transfer of dn; moles from the gas mixture to
the liquid solution are equal. ¥quating Egs. 1 and 2 and substituting
the appropriate thermodynamic equivalents for the indicated partlal
differentials gives

v 0 7 L
_d -Jd+d£nN°--de-....dT+ o
RT ap RT2 T RT RT? as (7)

in which 7} is the partial molar volume of element j in the gas mix-
ture, 19 i5 its relative partial molar heat content in the gas mix-
ture, Vj is its partial molar volume in the liguid solution, L; is
its relative partial molar heat content in the liquid solution; R is
the molar gas constant, P is total pressure, and T is the temperature
in %K. For dilute solutions, :




L9 - L, =An, (8)

wherelﬁﬂv is the heat of vaporization of the condensing specie of
element j. Actually, AH, is the heat of the reaction for the vapor-
ization of the gas from its form in solution. If it exists as a dif-
ferent compound in solution, the heat of formation of this compound is
included in the value of AH,. For an ideal solution, or one in which
there is no heat of dllution or compound formation, {Hy is the actual
heat of vaporization. Since V9 >>V 5, (Vb/RT)dP (or,élnf /6P) can be
neglected. For an ideal gas, %o can be Teplaced by NJP. Then

J
o]
nf. =0 .
-6—-—,@-——51 =Y—-=; (9)
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Substituting Egs. 8Iand-9 into Eg. T and integrating gives
2 . , . _
o .
= _dJ =AH_/RT L.
Ny/y = 5 e HV/ ,_ | - (20)
RT
in which k 1s an 1ntegrat10n constant and where the term kl AHV/
is 1dentifiable via Egs. 3 and 5 (£9 = L35 = pj» the partialYpressure

of element j; anl fY = P) as the Heﬂry s91aw constant. It may be
noted from Ea. 10 that' ‘an increase in P results in a decrease in the
ratio NO/N ‘or an increase in the mole fraction of the minor constitu-
ent J, 1n %he liquid phase relative to its mole fraction in the gas
phase. For early time condensations (high M.P. of caxrler), when the
temperature is high and the gas volume not fully expanded, the total
pressure should be high; thus the effect of the pressure alone would
tend to produce a more complete condensation at shorter times after
detonation. However, the Henry's law constant also is larger at
hicher temperatures so that the two terms in Eq. 10 would decrease
(or increase) simultaneously and the change in the ratio of the two
mole fractions with time (or tempersture) in the expanding ga.e volume
will be less than for just the decrease in temperature.

2.1.3 Effect of Carrier Particle Size on Mole Fraction Ratio

A dependence of the ratio of the mole fractions on the size
of the liquid drop, itself may exist because the dependence of the
total pressure about each drop on drop-size.
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This dependence is given by
RTnp/po = LyM/APd (11)

in which p, is the vapor pressure of the carrier material over the
liquid with a flat surface, p is the pressure over the drop of dia-
meter, d, y is the surface tension of the drop (assumed independent
of T}, M is the molecular weight of the carrier; and P is the density
of the liquid. For AlsC3 at 2050°C and 8i0s at 180090, the value of
y is 690 dynes/cm and 30? dynes/cm, respectively.lO The value of
the ratio, p/pg, for these values of 7 is not very different from
unity for diasmeters larger than a few tenths of a miecron. Hence,
unless the carrier material has a surface tension larger than do
these two oxides by more than two orders of magnitude, the increased
vapor pressure of the carrier material over the larger drops: should
not be enough to result in larger values of Nj. If the surface ten-
sion were extremely large, the fission product elements most likely
to be preferentially condensed on the smaller particles are those
vhose volatilities are the same or lower than that of the carrier
itself. These would co-condense with the volatilized carrier
molecules as soon as the temperature dropped to the carrier boil-
ing point, since at this time the vapor pressure of the carrier
material would be a large fraction of the total pressure. At the
melting point of the carrier, its own vapor pressure would be so
small a fraction of the total pressure that it could not influetice
the mole fraction ratio even if the surface tension were extremely
large.

For particles with a fairly large range in sizes, the mole
fraction, Nj, needs to be precisely defined. Carrier materials such
as silicate soils containing metal oxides are refractory materials
with low heat conductance. -As mentioned above, a particle need not

“be completely melted throughout its volume .in order to condense
gaseous molecules. Only a liquid layer of film on its exterior is
required for the process. Also, since the time spent in the liquid

. state is short, the condensates may not diffuse more than a short
- distance from the surface of the particle before it solidifies.

Thus for particles of a given temperature history, a maximum size.

particle should exist that is completely melted before it resolidi-
fies. Elements or nuclides that condense first (less volatile than
the carrier) should penetrate somewhat farther Into the completely
melted particles than those that are more volatile and condense
more rapidly just before the particle solidifies if the penetration
depended only on diffusion.

The penetration of the condensates into the liquid drop and
its rate of distribution throughout the volume would be more rapid
if caused by turbulence and convection - especially in the peripheral
regions of the liquid particles. The general uniformity of the
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